Introduction
The placenta is responsible for nutrient delivery to the fetus by the combined action of transport activities in the apical (maternal-facing) and basal (fetal-facing) membranes. We have described the developmental regulation of cationic amino acid transport in the rat placenta [I] . During the period of greatest fetal nutritional need, the final third of gestation, the placenta up-regulates the production of cationic transport proteins.
In humans, intrauterine growth retardation (IUGR) affects a significant number of pregnancies. T h e deleterious effects of IUGR are not limited to gestational development, but rather are seen throughout the life of the child [2] . Factors contributing to IUGR in humans range from pathological conditions to alcohol, cocaine and tobacco abuse and poor maternal nutrition [3] . Although it has been documented that protein and protein-calorie malnutrition result in smaller fetuses with poor developmental outcomes, the mechanisms responsible have not been well described [4, 5] . T h e multifactorial origins of IUGR in the human makes the examination of individual causes difficult. For this reason, we have chosen to investigate the effects of maternal protein deprivation in an animal model of IUGR. Previous work showed that rat dams deprived of both protein and calories throughout gestation exhibit decreased delivery of 2-aminoisobutyric acid (AIB), a System A substrate [6] , to the fetus [7, 8] . In contrast, Ahokas et al. [9] saw no significant difference in the fetal delivery of AIB after maternal calorie deprivation. Given that these previous studies examined amino acid transport in models deficient in both total calories and protein, one cannot distinguish the contribution of each separately.
T h e present study uses apical-and basalenriched plasma-membrane vesicle preparations to show that maternal isocaloric protein deprivation causes a down-regulation of selected placenAbbreviations used: IUGR, intrauterine growth retardation; AIB, 2-aminoisobutyric acid. $To whom correspondence should be addressed. tal amino acid transporters. The use of isolated membrane vesicles eliminates a potential contribution of diminished blood flow and metabolism to the IUGR response. The data also represent the first analysis of steady-state mRNA levels in IUGR for specific transport proteins.
Experimental

Animals
Timed pregnant Sprague-Dawley rat dams were weight-matched and separated into either control (C) or low-protein (LP) groups. The low-protein diet (4.6% protein, 10.0% fat, 5.7% fibre, 75.3% carbohydrate) (Purina Mills, St. Louis, MO, U.S.A.) was made isocaloric with the control diet (19.3% protein, 10.0% fat, 4.3% fibre, 60.6% carbohydrate) by the addition of sucrose. T o ensure the animals in the LP and C groups consumed equal calories throughout the study, they were subsequently pair-fed from days 6 to 19 gestation.
Membrane vesicle isolation and transport
At day 20 of gestation, the dams were killed and placentas removed and weighed. Apical and basal membrane vesicles were isolated by a previously published modification [ l ] of a human preparation [lo] . The isolated membranes were resuspended in Hepes/sucrose buffer (300 mM sucrose, 10 mM Hepes/Tris base, pH 7.4). An aliquot of the vesicle preparation was used immediately for determination of total protein by the method of Lowry et al. [ l l ] and for marker enzyme analysis. Dihydroalprenolol binding, a marker for the basal membrane [12, 13] , and alkaline phosphatase, a marker enzyme for the apical membrane [ 14,151, showed the appropriate enrichments [l] . The vesicles were frozen in liquid nitrogen until use, and we have shown that storage for several months does not affect transport activity.
Transport of radiolabelled amino acids was measured by a standard nitrocellulose filter assay as previously described [16] . The uptake velocities are reported as pmoVmg of protein per unit of time and are given as meansfS.E.M. for three to four assays. Each experimental protocol was completed with three independent sets of animals and the results were qualitatively similar. Statistically significant differences were determined by applying Student's t-test.
Northern-blot analysis
Dams were killed, and for each membrane preparation, 1 g of placental tissue was snap-frozen and under liquid nitrogen ground to a powder with a mortar and pestle. The placental powder was added to denaturing solution (4 M guanidinium thiocyanate, 0.5% N-lauryl sarcosine, 25 mM sodium citrate, pH 7.0, 100 mM 2-mercaptoethanol) and the mixture homogenized with 10 strokes in a Potter/Elvejhem homogenizer. Total RNA was isolated by the method of Chomczynski and Sacchi [17] , and poly(A)' mRNA was selected from 500 pg of total RNA using the Poly ATract System (Promega, Madison, WI, U.S.A.). Equal amounts of poly(A)' mRNA were loaded per lane (3 pg) and subjected to Northern-blot analysis as described previously [ 181. Experiments having loading differences of more than 10% per lane were not used to quantify mRNA content. Autoradiographic exposures were within the linear range of the film and the densitometer. Nitrocellulose filters (0.45 pm) were used for the vesicle transport assays (Millipore, Bedford, MA, U.S.A.). The mouse CAT1 (System y') cDNA insert was a gift from Dr. James Cunningham at the Brigham and Women's Hospital (Boston, MA, U.S.A.). The rat EAAC1 cDNA was cloned from a rat hippocampal library and characterized as described elsewhere [19] . Cathepsin B cDNA, used as a control probe for lane loading, was a gift from Dr. Harry Nick at the University of Florida.
Results
C and LP groups in rats in the pregnancies
The complete data documenting the conclusions described in this summary are published elsewhere [20] . The low-protein-fed dams gained 85% less weight during the gestational period than did the pair-fed controls, even though the mean daily food consumption of both groups was the same. Furthermore there was no significant difference in litter size or in the number of viable fetuses. There was a 21% reduction in fetal weight and a 27% reduction in placental weight. These data agree with a previously reported protein-calorie-deprivation IUGR model P I .
Maternal and fetal serum amino acid levels
Serum amino acid levels for dams in the LP group were typically equal to or greater than the levels for the controls. These data are consistent with reports by other investigators for pregnant dams [21] and adult male animals [22] fed on a low-protein diet of similar composition [23] . Increased maternal serum amino acid levels seen in the animals in the LP group may result from mobilization of nutrients by catabolism, in that the wet weights of the kidneys, liver and gastrocnemius muscle of these animals were significantly lower than those of controls. The ratios of fetal to maternal serum amino acid content in the controls were greater than 1.0 for most amino acids tested. However, relative to the control fetuses, those of protein-depleted dams had decreased levels of many amino acids (e.g. Ile, Leu, Met, Val, Arg, Tau, Glu) even though the maternal pool of these amino acids was not reduced. In fact, in some cases the corresponding concentration in these fetuses was significantly lower than in the control fetuses despite an increased maternal serum amino acid level in the dams (e.g. Tyr, Thr, Lys). These data are consistent with results from other investigators using maternal fasting in a rat model [21] .
Placental vesicle transport in control rats and those fed on the low-protein diet
Previous data from our laboratory, for both basal and apical isolated membrane vesicles, established that the observed amino acid accumulation represents transport into an osmotically active space [l] . Vesicle volume, as estimated from the steady-state distribution of [3H]serine in the absence of Na', did not differ between the two groups .
T o examine the effect of the low-protein diet on placental amino acid transport, representative amino acids were used on substrates to assay specific transport systems. The Na+-dependent uptake of 50 pM MeAIB, a selective Volume 24 substrate for System A [6], was decreased by 55% on the apical and 50% on the basal membranes of placentas from dams in the LP group with respect to pair-fed controls. The uptake of 50 pM serine was measured in the presence of 2 mM MeAIB and glutamine to inhibit Systems A and N and thus restrict transport to System ASC [24] . System ASC activity did not differ between preparations from control and protein-restricted rats for either membrane domain. These data illustrate that changes in selected transport activities in the dams in the LP group are not the result of a general decrease in all transporters.
Transport of anionic amino acids in mammalian cells is mediated by either Nafdependent Systems XG; or Na '-independent System ~7 [25]. In the human placenta, the only system expressed is Na'-dependent Xi; [26, 27] , and we have confirmed that the same is true for the rat [ZO] . The Na'-dependent uptake of 50 pM glutamate in the apical membrane vesicles did not differ significantly between the two groups. However, in basal membranes, glutamate uptake was decreased by nearly 50% in response to the low-protein diet.
Our laboratory has characterized rat placental cationic amino acid transport [l] . Transfer of these substrates occurs through the cationselective Naf-independent System CATl (historically called System y') and two transport systems capable of both cationic and neutral amino acid uptake first described in mouse blastocysts and termed Na'-dependent System B", ' and Na '-independent System b * + [28, 29] .
System B".' activity was not significantly changed in response to the low-protein diet. However, System y + activity (leucine-insensitive arginineinhibitable uptake) was moderately reduced (20%) on the apical-membrane domain, and System b 3 + (assayed as the leucine-sensitive component of Na f -independent arginine uptake) was reduced by nearly 70% on the basal membrane of the protein-restricted animals.
System CAT/ and EAACI mRNA content cDNA probes for the System CATl cationic transporter [30] and for the System EAAC1 anionic transporter [19] were used to correlate the steady-state cellular mRNA content with the corresponding transport activities in placentas from both control and protein-restricted dams. Consistent with our previous analysis of CATl in rat placenta [l] , a single mRNA species of approximately 7.4 kb was detected in poly(A) + placental mRNA. Densitometric analysis revealed a 64% decrease in the steady-state content of CATl mRNA from placentas of dams in the LP group. Similar results, approximately a 50% reduction, were obtained by Northern-blot analysis for each of the three EAACl mRNA species (4.0, 2.7, 2.2 kb).
Discussion
Co-ordinated expression of transporters on the apical and basal domains of the placental syncytium mediates the net transfer of amino acids to the fetus from the maternal circulation. The current study documents down-regulation of amino acid transporters within both membrane domains in response to inadequate maternal nutrition. The low-protein diet caused a marked reduction in maternal weight throughout gestation and resulted in significantly smaller fetuses. Similar decreases in maternal and fetal weight gain occur in response to a diet deficient in both protein and total calories [31] . Our results extend those observations to show that even an isocaloric decrease in dietary protein is detrimental to fetal development. In sheep, the flux of amino acids to the fetus far exceeds the rate of nitrogen accretion into protein; therefore it has been suggested that a considerable portion of the amino acid supply is utilized as an energy source [32] . Depletion of this energy source may contribute to the effects observed in the present study. Analysis of serum amino acids showed that the circulatory fetal to maternal ratio (F/M) for some amino acids, including glutamate (F/M = 2.6) and aspartate (F/M = 3.6), is significantly higher in the rat fetus than in sheep, where these values are less than 1.0 [33] . Glutamate is not transferred directly from mother to fetus in sheep and humans, but rather is part of a metabolic cycle of nitrogen delivery whereby glutamate, a by-product of fetal glutamine deamination, is extracted from the fetal circulation by the trophoblast [34] . Given that the rat placenta expresses similar glutamate-transport activities, the increased level of anionic amino acids in the rat fetal circulation relative to that in sheep and humans remains to be explained.
The diet-induced reduction in placental capacity to extract nutrients from the maternal circulation may occur in several ways. First, if maternal serum amino acid pools were reduced, this decrease in nutrient availability might simply be transferred proportionally to the fetus. Our observations are similar to others [21] showing that animals fed on a low-protein diet have no decrease in serum amino acid levels. However, the present results illustrate that there is still a significant decrease in amino acid transfer to the fetus, and it has been demonstrated that decreased availability of even a single amino acid is developmentally detrimental [35] . Another mechanism by which the decrease in transfer of amino acids might occur is by decreased substrate delivery to the placenta. Several studies have shown that diminished placental blood flow is often associated with IUGR [36] . In fact, a decrease in glucose flux to the fetus in caloriedeprived rats is associated solely with a decrease in placental blood supply [37] . T h e use of isolated membrane vesicles in the present study eliminates any direct effects of decreased blood supply. Although our data support the interpretation that protein malnutrition directly affects placental amino acid-transporter expression in c~iuo, decreased placental size (i.e. surface area) and the potential for decreased blood flow would be superimposed on this reduction in transporter activity.
After protein deprivation, there was a concurrent decrease in transport activity and placental mRNA content for selected amino acid transporters, specifically the CAT1 and EAAC1 systems for cationic and anionic substrates respectively. Until techniques are available to isolate cell-specific nuclei from the placental syncytium, one cannot determine whether the mRNA loss is due to a decreased rate of transcription or increased mRNA turnover. Regardless of the molecular mechanism, the reduction in steady-state mRNA content is consistent with a reduction in the synthesis of the corresponding membrane transporter proteins. The mechanisms that function to sense maternal amino acid availability and transfer this information to transporter gene expression in the placenta are not known. Amino acid-dependent changes in gene expression have been documented for a number of proteins [18,38], including amino acid transporters [38] , yet the lack of decrease in circulating maternal amino acids seems to preclude a direct signalling to the syncytiotrophoblast. Other regulatory mechanisms such as hormone signalling must be considered. 
Introduction
Synaptic transmission is thought to be terminated by high-affinity Na+-dependent transport of the neurotransmitters from the synaptic cleft [ 13. This includes the neurotransmitters yaminobutyric acid (GABA) , 1,-glutamate, glycine, dopamine, serotonin and noradrenaline. Another termination mechanism is observed with cholinergic transmission. After dissociation from its receptor, acetylcholine is hydrolysed into choline and acetate. T h e choline moiety is then recovered by Na+-dependent transport as described above. As the concentrations of the transmitters in the nerve terminals are much higher than in the cleft -typically by four orders of magnitude -energy input is required. T h e transporters that are located in the plasma membranes of nerve endings and glial cells achieve this by coupling the flow of neurotransmitters to that of Na'. T h e (Na' + K+)-ATPase generates an inwardly directed electrochemical Na+ gradient which is utilized by the transporters to drive 'uphill' transport of the neurotransmitters (reviewed in, e.g., [Z] ).
Over the past few years major advances in the cloning of these neurotransmitter transporAbbreviation used: GABA, y-aminobutyric acid.
ters have been made. After the GABA transporter was purified [3], the protein sequence information gained was used to clone it [4]. Subsequently the expression cloning of a noradrenaline transporter [S] provided evidence that these two are the first members of a novel superfamily of neurotransmitter transporters. This led to the isolation of a growing list of neurotransmitter transporters (reviewed in, e.g., [6]). This list includes various subtypes of GABA transporters as well as those for all the above-mentioned neurotransmitters, except for glutamate. All of the members of this superfamily are dependent on Na+ and C1-, and, by analogy with the GABA transporter [7] , are likely to co-transport their transmitter with both Na+ and C1-. Interestingly Na+-dependent glutamate transport is not C1--dependent, but rather is countertransported with K+ [8] . As will be discussed below, several glutamate transporters have been cloned and they form a separate family.
Mechanism of glutamate transport
T h e mechanism of Na+-dependent 1,-glutamate transport has been studied initially using tracer flux studies employing radioactive glutamate. These studies indicated that the process is electrogenic, with positive charge moving in the
